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Abstract 
Adsorption of argon on graphite at 77K and 87K is commonly used as a reference for 
characterization of carbon materials and is typically studied in most molecular simulations with 
the solid-fluid potential energy 10-4-3 equation whose molecular parameters are suggested by 
Crowell and Steele.  The Steele 10-4-3 potential model assumes graphite as a homogeneous flat 
surface[1], and therefore the simulated adsorption of argon on graphite is a progressive 
molecular layering process with an open space of infinite extent above the graphite surface. In 
reality, graphite is composed of nano-crystallites with narrow interstices between these 
crystallites [2] which enhances the solid-fluid potential field at the junction of these crystallites 
to induce the formation of condensate at pressures approaching the saturation vapour pressure.  
In this work, we propose a more realistic model of graphite as a crystallite stacking model to 
account for the contacts between nano-crystallites and we show that the simulation results of 
this new model can describe well the experimental data for argon adsorption on graphite at 77 
K and 87 K.  This is the first time in the literature that we are able to describe the formation of 
condensate in adsorption of gases on graphite at high loadings. 
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1 Introduction 
1.1 Background 
 Adsorption is a vital process in many industrial applications (e.g. natural gas separation, 
removal of pollutants and catalytic processes) [3]. For successful and effective application, it is 
important to have a fundamental understanding on the microscopic mechanism of adsorption in 
various types of carbon adsorbents such as: carbon black, exfoliated graphite, activated carbon 
and carbon nanotube. Among these types of adsorbents, graphite is most suitable for the study 
of the intrinsic interactions between the molecule and the surface as it is highly homogeneous 
[4].  
 Since the last few decades, molecular simulation has aided in better understanding of 
adsorption mechanism. Numerous research has proven the ability of simulation to reproduce 
experimental data of polar and non-polar fluids adsorption on graphite. It is well known that 
experimental results on the adsorption of argon gas on graphite at 87 K show that the amount 
of argon fluid adsorbed on the graphite exhibits a steep change of density at pressures near the 
vapor pressure of argon (P/P0=1) [4, 5]. Simulation works were able to reproduce this feature 
even though it shows a very good agreement with experimental data at both lower loadings and 
higher loadings [1, 6]. The physics shown by adsorption simulation works refers to molecular 
layering. This simply means that the argon molecules continuously forming layers upon layers 
of molecules on graphite adsorbent.  
 Such physics occurs due to the use of the homogeneous surface to model graphite in the 
adsorption simulation. With this model, the adsorbate follows a molecular layering process with 
a simple surface that acts as the nucleation site [1]. However, in reality, graphite consists of a 
stack of nano-crystallites and the narrow interstices between these crystallites enhance the 
potential field at these junctions such that a significant increase of density at pressures close to 
the saturation vapour pressure is observed [2]. Thus, to provide an alternative on the physics of 
adsorption by molecular simulation, a new crystalline stacking structure of graphite solid is 
proposed and investigated in this paper. The implication of this new model is its long-lasting 
value for better characterization of carbon materials. 
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1.2 Aim and Scope of Works 
The aim of this project is to investigate the validity of the crystalline stacking model to describe 
better the adsorption isotherm of argon on graphite at higher loadings by using molecular 
simulation. These results are then compared with the experimental data and are analysed in 
details. Several scopes of works that are considered for this thesis are included in the table 
below.  
 
Table 1. Scope of Works. 
No Scopes of Works 
1 
The adsorption simulation of argon on graphite is simulated with the grand canonical 
Monte Carlo (GCMC) ensemble. On the other hand, the saturation vapor pressure of the 
simulation system is acquired from the canonical kinetic Monte Carlo (NVT-kMC) 
ensemble.  
2 
The simulation results will be compared with the experimental results of argon 
adsorption on graphite at 87 K and 77 K.  
3 
To simulate the adsorption of argon on carbon black, the Carbopack F graphite is 
modelled as stacking crystallites and is compared with the traditional Steele 10-4-3 
model. 
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1.3 Thesis Structure 
There are five main chapters in this thesis: introduction, literature review, methodology, results 
and discussions, and conclusions and recommendations. Following the main five chapters, there 
are also a list of references and appendices. The details of each chapter are described in the 
table below.  
Table 2. Thesis chapters and the corresponding descriptions. 
Chapters Details 
Chapter 1: Introduction 
Gives an overlook of the thesis background, aims of the 
thesis, and the structure of the thesis. Introduces the general 
concept of necessary for the thesis project. 
Chapter 2: Literature Review 
Provides the detailed concepts of the theories associated to 
the topic, which include description and theories about 
Monte Carlo simulation, GCMC ensemble, thermodynamic 
properties in simulation, and intermolecular potential 
models. 
Chapter 3: Methodology 
Explains on how the molecular simulation is set by showing 
the general idea of the molecular simulation field and the 
dimensions and shape of the simulated graphite structure. 
Chapter 4: Results and 
Discussions 
Shows and discusses the results obtained from the 
simulation compared with the results from experiment. It 
includes adsorption isotherm results and isosteric heat 
results.  
Chapter 5: Conclusions and 
Recommendations 
Concludes the overall thesis from the methodology to the 
results and discussions. A recommendation for future works 
is also included in this chapter.  
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2 Literature Review 
2.1 Simulation of argon adsorption on graphite 
 Simulation of simple gases adsorption on graphite has been commonly studied using 
the Grand Canonical Monte Carlo ensemble [1, 6, 7]. One of the most studied systems is the 
adsorption of argon on graphite since extensive experimental data of such system are available 
[1, 8-11]. These simulation studies attempted to replicate the nano-structure of graphite as a flat 
surface with an opposing adsorbent boundary far enough that they do not affect each other’s 
adsorption behaviour. The simulated isotherms of these previous studies agree with 
experimental results at very low loadings, where the adsorption isotherm follows Henry’s law, 
which describes the measure of interaction between adsorbate and adsorbent molecules [2]. 
Figure 1a shows the agreement between isotherms from experimental results and simulation 
results. In this case, the simulation utilises the Steele 10-4-3 solid-fluid potential model, where 
graphite is modelled as a homogenous flat surface.  
 
Figure 1. Adsorption isotherm of argon adsorption on graphite at 87 K. (a) Logarithmic scales; (b) Linear scales. Figure (b) 
shows that the curvature of the simulation results exceeds the vapor pressure of argon. 
 
Figure 2. Illustration of the local density profile of argon adsorption on graphite at supercritical and subcritical temperatures. 
It describes the layering mechanism from the Steele 10-4-3 model. The z-direction is the vertical distance between the Steele 
10-4-3 surface with the argon fluid in the bulk phase. Acquired from Prasetyo et al [12].  
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 The Steele 10-4-3 model describes the adsorption process as molecular layering. This 
means that the increase of surface density with respect to pressure is due to the continuous 
layering process resulted from the adsorbate-adsorbent (solid-fluid) interaction and adsorbate-
adsorbate (fluid-fluid) interaction. On a relatively strong surface such as graphite, once the 
adsorbed argon molecules form the first layer, these molecules then act as a quasi-surface for 
the second and higher layer adsorption. This continuous molecular layering process can be 
observed from the local density distribution (LDD) profile as a function of distance z from a 
graphite surface at subcritical and supercritical temperature (see Figure 2 [12]). At subcritical 
temperature condition, it can be seen that the LDD has a distinctly layered structure, 
characterized by a clear separation between peaks. The density of the second and higher layers 
is lower than that of the first layer due to the lesser solid-fluid attraction forces. At supercritical 
temperature, on the other hand, the peaks overlap because of the thermal fluctuation.   
2.2 Crystallinity of graphite microstructure 
 In recent experimental works, Carbopack F is the most favourable graphite used for 
adsorption of argon on graphite systems [2, 13, 14]. It is a highly graphitized thermal carbon 
black and has a very low amount of functional group due to the prolonged heating.  The TEM 
of the crystalline structure of this solid is shown in Figure 3. The TEM image shows the basal 
planes of the homogeneous graphene layers, and it can be seen that there are confined spaces 
between the microcrystallites. It shows that the crystal has an approximate linear dimension of 
±50 nm, and the angle of the crystal edge is between 114o and 147o.  
 
Figure 3. TEM images of graphite Carbopack F .[2] 
It has been known by many experimentalists [15] that the adsorption of molecules on graphite 
surface at higher loadings (above third layer) may be interfered by the capillary condensation 
in the confined spaces. To this date, the condensation inside graphitic pores has been studied 
with simulation of slit carbon pores[16-18].  
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In a graphitic slit pore, the adsorption proceeds by way of molecular layering on pore walls and 
these adsorbed molecules form undulating interfaces. With the increase of pressure, the 
thickness of the adsorbed layers on each wall also increases. At one instant, when one molecule 
is inserted into the system it will form a thin liquid bridge between the two opposite undulating 
interfaces, which then acts as a nucleation site for adsorption and instant condensation occurs 
at this point [16].  
 
Figure 4. Molecular snapshot of a slit pore at a point where the opposite undulating interfaces are joined by fluid molecules, 
forming a “liquid bridge”. Acquired from Zeng et al [18]. 
 This study provides the basis of the idea that the nucleation that occurs at the junction 
of the nano-crystallites would create a concave meniscus of the condensate formed between the 
surfaces of the two adjacent crystallites. Further analysis on this feature with the simulation 
results by using the crystallite stacking model is discussed in Chapter 4-Results and 
Discussions.  
2.3 Monte Carlo (MC) and kinetic Monte Carlo (kMC) method simulation 
 With the limitations of classical theories, molecular simulations aid in better 
understanding and prediction of adsorption mechanism. The Monte Carlo simulation (MC) was 
used since 1953 as a method to determine molecular and atomic behaviour of various fluids in 
many systems in science and engineering, e.g. adsorption systems [19]. In general, the MC 
simulation is a computational numerical method that is used at molecular levels that utilizes an 
extensive use of random numbers to sample phase space to produce a solution for complex 
stochastic problems that are too inconvenient to solve by using analytical method [20-22]. It is 
also possible to use the MC simulation to determine the thermodynamic properties of fluid 
when the interaction potentials are correctly described [23]. Furthermore, the MC simulation 
relies on the importance sampling for the movement of fluid within the simulation system.  
 Another more recent molecular simulation method used is the kinetic Monte Carlo 
simulation (kMC) [24, 25]. Essentially, the kMC simulation mostly has the same features as the 
MC simulation. The main difference is that the molecular movements in the kMC simulation 
system is by way of entropic sampling. This means that molecules can freely move within the 
simulation system. Moreover, kMC simulation provides very accurate the chemical potential 
of the system.  
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 In addition, within the work on adsorption simulation, there were four popular 
ensembles developed for the MC and kMC simulations, which include the canonical ensemble 
(NVT), Isobaric-isothermal ensemble (NPT), grand canonical ensemble (GC), and Gibbs 
ensemble (GE)[20, 21]. However, in this work only the GCMC and NVT-kMC ensembles are 
used.  
2.3.1 Grand canonical Monte Carlo ensemble (GCMC) 
 The GCMC ensemble is one of the most frequently used MC ensembles for adsorption 
simulation. Mathematical and technical explanation in regard to the GCMC ensemble has been 
explained in many works [1, 6, 9, 26]. The main feature of the GCMC ensemble is that the 
volume (V), the temperature (T), and the chemical potential (µ) are specified and they are input 
to the GCMC simulation [22]. The GCMC simulation utilises two types of molecular moves, 
which are molecular displacement move and molecular exchange.  
2.3.2 Canonical Kinetic Monte Carlo ensemble (NVT-kMC) 
 The NVT ensemble is one of the ensembles used in molecular simulations [21, 22, 25]. 
One of the main purposes of this ensemble is to determine the properties of bulk fluid such as 
the vapor-liquid equilibrium of a fluid. Unlike the GC ensemble, the number of molecules (N), 
the volume (V), and the temperature (T) are specified. This ensemble only has one type of 
molecular movement, which is the displacement of molecules in the system. In this thesis, the 
NVT-kMC ensemble is used to determine the vapor-liquid equilibrium of argon at various 
temperatures. Figure 5 shows the simulated vapour-liquid equilibrium diagram for argon fluid.  
 
Figure 5. Vapor-liquid equilibrium results for Argon bulk phase from NVT-kMC simulation. (a) Temperature vs the 
saturation vapour pressure and (b) Temperature vs density.  
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2.3.3 Thermodynamic property calculations 
 Thermodynamic properties are important for any MC and kMC simulation ensembles. 
It allows the simulation user to produce necessary data such as isotherms and isosteric heat for 
an adsorption simulation process. In this project, there are several thermodynamic properties 
that are determined in the GCMC ensemble: surface excess, pressure of system, chemical 
potential, and isosteric heat.  
Surface excess 
 A necessary variable to describe the adsorption isotherm is the surface excess, which is 
defined as the concentration of adsorbate on the surface of the solid adsorbent. In the simulation, 
the surface excess, Γex, is calculated as [6]: 
ex G
ex
N N N
A A

            (1) 
where 〈𝑁𝑒𝑥〉 is the average number of particles in excess, 〈𝑁〉 is the ensemble average number 
of particle in the simulation box, A is the area of the solid surface, and NG is the reference 
number of particles that occupy the accessible volume of the simulation box at the same 
concentration of the bulk gas phase. Mathematically, NG can be described as: 
G GN V              (2) 
where V is the accessible volume of the adsorption simulation system, and ρG is the density of 
the bulk gas phase.  
Pressure of system and chemical potential 
 In a GCMC simulation, the chemical potential is specified value, and is calculated from 
the pressure through the use of equation of state for Lennard-Jones fluid developed by Johnson 
et al. [27]. In the simulation of adsorption to produce adsorption isotherm, the pressure is 
specified at incremental values, ranging from very low pressure to represent low loadings (i.e. 
0.01 kPa) to high pressure to represent higher loadings (i.e. 92 kPa) for argon fluid molecules.  
Isosteric heat 
 Isosteric heat is another important variable other than the adsorption isotherm [1, 5, 7, 
28] because it is a measure of the energetic of the system. The isosteric heat, qst, can be 
calculated by using the fluctuation theory as the following formula [21]: 
22st B
U N UN
q k T
N N

 

         (3) 
The term U represents the sum of the potential energies of interaction between fluid adsorbate 
with solid adsorbent (USF) and between fluid adsorbates (UFF).  
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Isosteric heat produced from the contribution from each adsorbent layer in the simulation, qK, 
is also taken into account and is described as: 
22
K K
K B
U N U N
q k T
N N

 

        (4) 
In this case, UK is described as the sum of pairwise energies when two molecules inhibit the 
same adsorbent solid layer or half the pairwise energy if one of the two molecules are located 
in a different layer.  
2.4 Intermolecular potential 
 The intermolecular interaction potential between molecules (fluid-fluid) and the 
interaction between adsorbate the surface (solid-fluid) are essential ingredients for an 
adsorption process. In this project, the Lennard-Jones potentials are used for the fluid-fluid and 
solid-fluid interactions [29-31].  
2.4.1 Fluid-fluid potential model 
 The 12-6 Lennard-Jones potential model is used to describe the fluid-fluid molecular 
interactions, φi,j [9]: 
12 6
, ,
, ,,
, , , ,
1 1 , ,
4
A B
i j i j
i j i j
i j i jr r
   
 
   
 
 
 
 
    
             
         (5) 
Where ε is the well depth in Joules and the subscripts i and j denotes fluid molecules i and j. 
On the other hand, the superscripts α and β defines the molecular sites for i and j, respectively. 
The 12-6 Lennard-Jones potential model in the fluid-fluid potential consists of two terms, which 
are the attractive and repulsive terms. The repulsive term is identified by the ratio of the 
collision diameter and distance of molecules with the power of twelve  
12
, ,
, ,/i j i jr
    , while the 
attractive term has the ratio with the power of six  
6
, ,
, ,/i j i jr
    . This gives an idea that the repulsion 
between molecules will be higher at closer distance and diminishes as the molecules are further 
apart. In contrary, the attraction between molecules is much higher at certain distances, but it 
will become zero as the molecules are either too close or too far apart.  
2.4.2 Solid-fluid potential model 
 In the simulation, the graphite adsorbent is modelled as smooth graphene layer and the 
solid-fluid potential model for the interaction of one adsorbent molecule with one adsorbate 
molecule is shown in the following formula: 
12 6
4
sf sf
sf sf
sf sfr r
 
 
    
             
         (6) 
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Where the subscript sf refers to interaction between solid and fluid molecules. From this 
equation, several solid-fluid potentials are developed for the interaction between one adsorbate 
molecule and the solid surface. In this project, the solid-fluid potential used in the simulation 
are the infinite unstructured model (Steele model) [32, 33] and the semi-infinite planar surface 
model (Bojan-Steele model) [34, 35].  
Infinite unstructured model (Steele model) 
 The infinite unstructured model also known as 10-4-3 Steele potential would have the 
graphite adsorbent in a form of graphene with smooth surface and infinite layer. The equation 
that describes the Steele potential model is: 
 
10 4 4
2
3
2
2
5 3 0.61
sf sf sf
sf s sf sf
z z z
  
   
    
      
       
     (7) 
where ρs is the molecular density of the solid molecules in nm-3 and Δ is the distance between 
two parallel adsorbent layers which is set to be 0.3354 nm for graphite. Figure 6 illustrates the 
Steele potential model in argon-graphite system.  
 
Figure 6. Illustration of the Steele solid-fluid potential model. Blue arrows signify the molecular interaction between fluid 
molecule and solid adsorbent. 
Semi-infinite planar surface model (Bojan-Steele model) 
 The Bojan-Steele potential model is one of the most common potential models.  Its 
difference from the Steele potential model is that the Bojan-Steele model allows the adsorbent 
solid model to have a single layer with finite length in one direction and infinite length in the 
other direction parallel to the surface. This model can be described by the following equation: 
 
   
   
2
, ,
2
, ,
rep rep
sf s sf sf
att att
z y z y
z y z y
 
    
 
 
 
    
  
     
      (8) 
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where  ,rep z y  and  ,att z y  are, respectively, the repulsive and attractive terms for the 
Bojan-Steele surface model. The mathematical details for these terms are further described in 
Appendix . Figure 7 shows the illustration of the Bojan-Steele potential model.  
 
Figure 7. Illustration of the Bojan-Steele solid-fluid potential model. 
2.5 Cohan equation 
 The Cohan equation [26, 36] is used to relate the radius of cylindrical meniscus to the 
bulk pressure. The Cohan equation can be written as: 
0
cos
ln mg
VP
R T
P R
  
 
 
         (9) 
where Rg is the gas constant, γ is the surface tension, Vm is the liquid molar volume of the argon 
fluid, θ is the contact angle between the fluid phase and the solid surface, and R is the radius of 
the meniscus. Since argon wets the graphite surface at 87K and 77K, the contact angle θ is 0. 
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3 Methodology 
 As mentioned in previous chapters, this project deals with adsorption simulations by 
using the GCMC ensemble. The GCMC ensemble is essential to determine the adsorption 
isotherms and isosteric heat by observing the molecular interactions during the adsorption 
process within the simulation. The adsorption isotherm generated by the new crystallite 
stacking model will be compared with that obtained with the Steele 10-4-3 model.  
3.1 Monte Carlo simulations 
 The molecular parameters of argon are: collision diameter (σ) of 0.3405 nm and reduced 
well depth (ε/k) of 119.8 K [37].  The molecular parameters of carbon atom in a graphene layer 
are: collision diameter of 0.34 nm and reduced well depth of 28 K [38]. The number of cycles 
used in the simulation was at least 150,000 for the equilibration and sampling stages. Each cycle 
had 1,000 moves that consist of 500 moves for molecular displacement and 500 moves for 
particle insertion and deletion.  
3.2 Crystallite stacking simulation 
 The crystallite stacking model is intended to mimic the stacking structure of crystallites. 
Within the simulation boundaries, only the angular or edge of the crystal part is made in the 
simulation box, which has nanoscale size. Figure 8 illustrates the configurations for the 
crystallite stacking model.  
 
Figure 8. Crystallite stacking model setting in the simulation box. 
 Lx, Ly, and Lz as indicated in Figure 8 are the axial length of the simulation box. The 
angle of the edge of a crystal is indicated as θ, while the distance between the crystal edge and 
the flat surface of another crystal is indicated as d. Furthermore, the Bojan-Steele model is set 
to have three layers as to represent a multilayer solid-fluid potential.   
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4 Results and Discussions 
4.1 Crystallite stacking model isotherm results 
The geometrical parameters of the contact crystallite model are the angle of the crystal edge, θ, 
the length of the crystal wedge, Lw, and the distance of the junction, d. From the TEM image 
of Carbopack F, the estimated angle of the crystal edge ranged from θ = 114o to 147o. For the 
initial run, we chose θ =120o with details of other parameters listed in Table 3. The sensitivity 
of the model with respect to θ, Lw and d is elaborated in the next sections of this thesis.  
Table 3. First crystalline stacking model dimensions. 
d (nm) θ Lw (nm) Lx (nm) Ly (nm) Lz (nm) 
3.0  1200 25.0 43.3 2.7 15.5 
 
 Figure 9 shows the isotherm of argon adsorption at 87K with the crystalline stacking 
model, and it is compared with experiment results and flat surface simulation, also plotted in 
the same figure. At low loadings (below monolayer coverage), the new model shows a good 
agreement with the experimental result as well as the Steele 10-4-3 model. As expected from 
the hypothesis, the crystalline stacking model shows a steep increase of density in the isotherm 
before the saturation vapor pressure of argon is approached. This increase is due to the 
contribution of the nucleation formed at the junction of the crystalline stacking model, resulted 
from the greater solid-fluid attraction that the junction produces than any other parts of the 
crystal.  
 
Figure 9. Isotherm result of the crystallite stacking simulation compared with experiment and flat surface simulation results at 
87 K. The flat surface simulation utilises the Steele solid-fluid potential model. (a) Linear; (b) Logarithmic. 
 In this particular crystalline stacking dimensions, the molecular layering process is 
observed up to the third layer and the nucleation starts at 56kPa (P/P0=0.64). This is far below 
the saturation vapor pressure of argon at 87 K, P0=88.5 kPa, as calculated by using NVT-kMC 
simulation. Furthermore, to explain this mechanism better, the snapshots of molecules for 
points A, B, and C (marked in the isotherm of Figure 9) are shown in Figure 10.  
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 It can be seen that the molecules adsorbed on the graphitic walls form an undulating 
interface, as observed previously by Zeng et al. [18]. At Point A, the addition of one molecule 
into the system connects the two-opposite undulating interfaces at the junction and form a liquid 
bridge embryo, resulting in an instant cylindrical interface. This liquid bridge acts as a very 
strong nucleation sites for argon molecules and therefore the adsorption process from here 
onwards is no longer a molecular layering process but an advancement of the liquid condensate 
towards the pore mouth. Figure 10 shows the formation of the concave shaped meniscus at 
point A and the development of the meniscus as pressure increases (point B and C). This is the 
first time in the literature that we are able to describe the formation of condensate in adsorption 
of gases on graphite at high loadings. Furthermore, an illustration of the growth of the meniscus 
is shown in Figure 11.  
 
Figure 10. Argon fluid molecules snapshots in the crystallite model.  
 
Figure 11. The growth of the meniscus formed at the crystallite junction. Each color represents different stages of pressure in 
the isotherm. 
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 To further show that the liquid bridge formed at the crystallite junction have a much 
higher SF and FF interactions, a 2-Dimensional density profile of the fluid molecules in the 
new model is shown in Figure 12. From the 2D density profile it could be observed that there 
is a high concentration of argon fluid molecules at the crystallite junction, compared to other 
parts of the crystallite stacking model. This shows that the argon fluid molecules are more 
attracted to the meniscus at the junction and that the adsorption system is at equilibrium when 
the argon fluid molecules form the meniscus at the junction.  
 
Figure 12. 2D density profile of the argon fluid molecules in the crystallite stacking model at the point where the liquid 
bridge has formed. The legend shows the concentration of argon molecules in kmol/m3.  
 With the proposed crystallite stacking model, it is also observed that after the cylindrical 
meniscus was formed at point A, the isotherm shows a higher surface excess density than the 
Steele 10-4-3 model due the instant addition of the molecules into the junction. It is important 
to note that in reality, this contribution from the junction towards the overall isotherm is lower 
than that of the basal plane because of the larger surface area in real adsorbents compared to 
the one used in the simulation. Therefore, a correction factor, F, is applied to the contact 
crystallite model isotherm. This factor is applied on the part on the isotherm surface excess, Γex, 
after the meniscus has formed at the junction (after point A) for which: 
'ex exF             (10) 
A factor F=0.8 was employed to approximate that the junction contribution to the overall 
simulated isotherm is 20% less. Figure 13 shows that the factorised crystallite stacking model 
isotherm has a better agreement with experimental data than the Steele 10-4-3 model.  
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Figure 13. Factorised crystallite stacking model in compare with Steele 10-4-3 model and experimental data. It is noticeable 
that the new model fits better with the experimental data. 
4.2 Effect of temperature 
 To ensure that the crystallite stacking model is able to describe the feature of the 
adsorption at low loading, Figure 14 shows the adsorption isotherm of argon at 77K. This 
system is chosen since the sub-step in the isotherm and the heat spike in the isosteric heat profile 
have been identified in experiment at this temperature [39]. The isotherm result in Figure 14 
shows that at monolayer coverage, the new model indeed exhibits the sub-step that is in 
agreement with the experimental data. At higher loadings, the isotherm at 77 K shows the 
similar steep increase as observed earlier with the isotherm at 87 K. The isosteric heat shown 
in Figure 15 the characteristic heat spike at lower loadings which corresponds to the sub-step 
shown in the isotherm. The heat spike is resulted from the addition of argon molecules into the 
first layer while the adsorption on the second layer is still progressing [39]. This results in a 
greater solid-fluid contribution as well as greater fluid-fluid interaction because of the better 
rearrangement of the molecules in the first layer. This particular example shows that the contact 
crystallite model describes well the feature of the surface adsorption at monolayer coverage.  
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Figure 14. GCMC simulated adsorption isotherm of Argon at 77K: comparison between the new model, 10-4-3 and 
experimental data [1] the logarithmic plot that shows the substep and a linear plot.  
 
Figure 15. GCMC simulated adsorption isosteric heat of Argon at 77K: comparison between the new model and 10-4-3 
model. 
In the following sections, the sensitivity of the contact crystallite model with regard to distance 
between the walls, angle and length are discussed and shown.  
4.3 Effect of crystallite angle on the isotherm 
 Figure 16 shows the effect of the crystal edge angle on the crystalline stacking model. 
It is seen that the larger the angle of the crystal, the larger is the enhancement of the SF and FF 
potential contribution from the junction of the crystallite. This is seen as the increase of the 
steep on the isotherm as the size of the crystallite angle is increased. Other than that, the pressure 
at which the nucleation occurs slightly increases as the angle decreases. The nucleation 
pressures for the crystallite angles of 140o and 100o are 52 kPa and 60 kPa, respectively.  
Table 4. Crystalline stacking with different angles dimensions.  
Crystal model d (nm) θ Lw (nm) Lx (nm) Ly (nm) Lz (nm) 
A-100 3.0  1000 25.0  38.3  2.7 nm 19.1  
A-120 3.0  1200 25.0  43.3  2.7 nm 15.5  
A-140 3.0  1400 25.0  47.0  2.7 nm 11.6  
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Figure 16. Crystalline stacking models with different angles at 87 K. Experimental results is also included as comparison. 
4.4 Effect of crystal wedge length 
 Figure 17 shows the effect of the length of the wedge on the adsorption isotherm for 
argon adsorption on graphite at 87 K. Technically, there are no significant difference in the 
isotherm for different wedge lengths. There was no change in the condensation pressure for 
different wedge lengths. It is also seemed that the isotherms with different wedge length have 
exactly the same data points. Thus, it can be concluded that the length of the wedge does not 
have a significant effect on the physics of the adsorption on the crystallite stacking model.  
Table 5. Dimensions of the crystallite stacking model with different wedge length.  
Crystal model d (nm) θ Lw (nm) Lx (nm) Ly (nm) Lz (nm) 
W-20 3.0  1200 20.0  33.4  2.7  12.6  
W-25 3.0  1200 25.0  43.3  2.7  15.5  
W-35 3.0  1200 35.0  60.6  2.7  20.5  
 
Figure 17. Crystalline stacking models with different wedge length at 87 K. Experimental data for Carbopack F is also 
included for comparison. 
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4.5 Effect of crystallite junction distance 
 Figure 18 shows the effect of the crystal junction distance on the adsorption isotherm 
for argon adsorption on graphite at 87 K. Although by changing the crystal junction does not 
affect the physics of the crystallite stacking model, it greatly affects the nucleation pressure of 
argon on graphite. The lower the junction distance, the lower the nucleation pressure of argon 
on graphite. At the condition of the model D-2, the nucleation pressure is 20 kPa which is much 
lower than the model D-3 for which the nucleation pressure is 56 kPa. The result for D-4 shows 
that the nucleation pressure is much higher, 79 kPa.   
Table 6. Dimensions of the crystallite stacking model with different junction distance.  
Crystal model d (nm) θ Lw (nm) Lx (nm) Ly (nm) Lz (nm) 
D-2 2.0  1200 25.0  43.3 2.7 nm 14.5 
D-3 3.0  1200 25.0  43.3  2.7 nm 15.5  
D-4 4.0  1200 25.0  43.3 2.7 nm 16.5 
 
Figure 18. Crystalline stacking models with different junction distance at 87 K. Experimental data for Carbopack F is also 
included for comparison.  
4.6 Validity of the crystallite stacking model with Cohan equation 
 In conjunction to the agreement of data between the isotherms of the new model and the 
experimental data, we also made a comparison between the theoretical radius of meniscus 
values from the Cohan Equation with the new model. To illustrate such comparison, a plot of 
RgTln(P0/P) versus the inverse of the radius of meniscus, 1/R, is shown in Figure 19. Initially, 
it may be seemed like the crystallite stacking model have a good agreement with the Cohan 
equation prediction. From further observation it is clear that the red circular data points 
overestimated the Cohan equation. This is in agreement with another work on a wedge pore 
system [36]. The higher slope suggests that the condensed fluid at the interface is more cohesive 
than in the bulk liquid. 
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Figure 19. Crystallite stacking model in compare to Cohan equation prediction. The overestimating and underestimating data 
are shown here.  
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5 Conclusions and Recommendations 
5.1 Conclusions 
 It is well known that the mechanism process of adsorption involves the interaction 
between fluid adsorbate molecules and adsorbent surface. Monte Carlo simulation works on 
adsorption of argon on graphite used the smooth flat surface (Steele 10-4-3 model) for the 
model of graphite adsorbent. Isotherms from the simulation works showed that the Steele 10-
4-3 model does have a good agreement with experimental data. The physics of this model 
showed a layering mechanism for the argon molecules on top of the surface model. However, 
this is not entirely true for recently the TEM image showed that the Carbopack F has micro 
crystallite structures.  
 To test such structure, the crystallite stacking model was developed for the adsorption 
molecular simulation. The crystallite stacking model allows the argon fluid molecules to 
nucleate and condense inside the new model. This new model was developed by using the 
Bojan-Steele and Steele 10-4-3 SF potential models. As the first attempt to test the crystallite 
stacking model, adsorption of argon on graphite at 87 K was used. The isotherm results showed 
a good agreement with the experimental data. The new model was also tested with temperature 
of 77 K in which that the isosteric heat showed the characteristic heat spike for argon adsorption 
on graphite at 77 K.  
 In an attempt to further validate the crystallite stacking model, several simulation tests 
were done which include the effect of crystal edge angle, effect of wedge length, and effect of 
junction distance. From the isotherm results it was shown that as the larger the angle, the higher 
the deviation or step of the surface excess deviation. It was also observed that the larger the 
angle, nucleation occurs at lower pressure, but not to a significant extent. In terms of the effect 
of the wedge length, there was no observable difference in changing the wedge length. The 
isotherm results suggest that whatever the wedge length is, the isotherm stays the same. On the 
other hand, the effect of junction distance is significant. It was found from the isotherm results 
that the larger the junction distance, nucleation occurs at a significantly higher pressure.  
 In addition to the three validation tests for the crystallite stacking model, the Cohan 
equation was also compared with the new model. It is suggested from the result of this test that 
the crystallite stacking model follows the heuristics that the SF interaction is higher for the new 
model and thus it overestimates the Cohan equation. Thus, to conclude this work, it is good to 
assume that the crystallite stacking model does provide a good alternative on the physics of 
adsorption of argon on graphite by the concept of condensation.  
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5.2 Recommendations 
 There are several recommendations for possible future work on further refinement of 
the crystallite stacking model: 
1) It is recommended to use a more accurate solid-fluid potential model. Instead of using the 
Bojan-Steele and Steele 10-4-3 models for the crystallite, it is possible to use the finite SF 
potential model. The purpose for this is to have a more accurate representation of the 3D 
shape of a crystallite. 
2) It is also recommended to extend the study of adsorption at higher loadings to investigate 
the wetting phenomena.  
3) To further validate the crystallite stacking model, more complex fluids (e.g. methane, water, 
benzene, etc.) should be studied.  
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Appendix  
A1 Semi-infinite planar potential model (Bojan-Steele model) 
2
yL
y y    
2
yL
y y     
Where Ly is the width of the Bojan-Steele surface in y-axis direction and has a finite value, 
while y is the coordinate of the fluid molecule in y-axis.  
The general equation for the Bojan-Steele repulsive term: 
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The general equation for the Bojan-Steele attractive term: 
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